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Abstract—A recently standardized ultrasound technique for measuring subcutaneous adipose tissue (SAT) was
applied to normal-weight, overweight and obese persons. Eight measurement sites were used: upper abdomen,
lower abdomen, erector spinae, distal triceps, brachioradialis, lateral thigh, front thigh and medial calf. Fat compres-
sion was avoided. Fat patterning in 38 participants (body mass index: 18.6—40.3 kgm_z; SAT thickness sums from
eight sites: 12-245 mm) was evaluated using a software specifically designed for semi-automatic multiple thickness
measurements in SAT (sound speed: 1450 m/s) that also quantifies embedded fibrous structures. With respect
to ultrasound intra-observer results, the correlation coefficient p = 0.999 (p < 0.01), standard error of the
estimate = 1.1 mm and 95% of measurements were within +2.2 mm. For the normal-weight subgroup, the median
measurement deviation was 0.43 mm (1.1% of mean thickness), and for the obese/overweight subgroup it was
0.89 mm (0.5%). The eight sites used here are suggested to represent inter-individual differences in SAT patterning.
High measurement accuracy and reliability can be obtained in all groups, from lean to overweight and obese, pro-
vided that measurers are trained appropriately. (E-mail: wolfram.mueller @medunigraz.at)  © 2016 The Authors.
Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION are required to assess body composition status and to
monitor effects of interventions. Diagnostic brightness-
mode (B-mode) ultrasound (US) can be used to measure
subcutaneous adipose tissue (SAT) patterning and
changes in it with a sensitivity not reached with any other
method (Miiller et al. 2016).

Ultrasound has been used to estimate fat thickness
since 1965 (Both et al. 1966; Bullen et al. 1965) and
has developed into one of the most promising methods
for measuring fat layers in the body, particularly for the
determination of SAT (Ackland et al. 2012, Miiller and
Maughan 2013). Diffraction and minimum pulse length
limit lateral and axial resolution approximately to the
wavelength used. At 18-MHz probe frequency, about

0.1 mm can be reached, but US attenuation (which in-
Address correspondence to: Wolfram Miiller, Institute of

Biophysics, Medical University of Graz, Harrachgasse 21/4, 8010 creases Strongly with fre_quency) hmltS: the 1nvest1gable
Graz, Austria. E-mail: wolfram.mueller@medunigraz.at SAT depth to a few centimeters. For thick SAT layers, a

Health, physical performance and body composition are
closely related. Overweight and obesity cause major
health problems in many countries (Hill et al. 2013). Ac-
cording to the World Health Organization (WHO 2015),
more than 1.9 billion adults are overweight, and 600
million of them are obese. Various measurement tech-
niques for assessment of body fat have been developed
and applied to groups ranging from underweight to over-
weight and all classes of obesity (Ackland et al. 2012;
Heymsfield et al. 2005). Accurate and reliable
measurement methods that can also be used in the field
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frequency of 6 MHz may be necessary. Lower frequency
decreases the image resolution (to about 0.3 mm) and,
thus, the tissue border detection error, but in thick tissue
layers the choice of correct sound speed (and not US im-
age resolution) is the predominant determinant of accu-
racy (Miiller et al. 2016).

Conventional diagnostic US systems use a sound
speed of 1540 m/s for calculating the distance from the
probe to the boundary between two tissues. In fat, sound
speed is substantially lower at 1450 m/s (Herman 2007).
This difference cannot be ignored: Errors of about 6%
would occur. Another obstacle that had to be overcome
is the compressibility of adipose tissue (Ackland et al.
2012; Miiller et al. 2013a, 2013b).

A standardized US imaging and tissue thickness
evaluation technique has recently been developed to
maximize both accuracy and reproducibility and to ease
multiple thickness measurements at a set of eight stan-
dardized sites (Miiller et al. 2016). This technique can
be used in the lab and in the field. Compression artifacts
are avoided by using a thick layer of US gel between the
probe and the skin. The software determines the SAT bor-
ders semi-automatically and measures multiple SAT
thickness values in a given US image automatically.
This measurement approach also enables quantification
of embedded fibrous tissues.

To date, this method has been applied in groups of
athletes and normal-weight persons (Ackland et al.
2012; Miiller et al. 2013a, 2013b, 2016), but not in the
overweight or obese. In this study, this new US method
is applied to the latter groups for the first time, and
intra-observer reliability is analyzed.

METHODS

Anthropometry

Anthropometric measurements include body mass (1),
body height (h), sitting height (s) and the circumferences of
waist and hip. The body mass index ([BMI] = m/h?) and
mass index MI; = 0.53 m/(hs) were calculated. The MI
takes individual sitting height into account (Miiller 2009a,
2009b; Miller et al. 2006). Anthropometric measurements
were carried out according to the International Society for
the Advancement of Kinanthropometry (Stewart et al.
2011).

US sites for measurement of SAT patterning

Figure la illustrates the eight site markings for SAT
patterning studies. All sites were marked on the right side
of the body, in a standing (upper abdomen [UA], lower
abdomen [LA], lateral thigh [LT]) or sitting (erector spi-
nae [ES]) position or with the arm (distal triceps [DT],
brachioradialis [BR]) or leg (front thigh [FT] and medial
calf [MC]) supported, whereas all US measurements
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were made with the participants lying in a supine, prone
or rotated position. Marking was described in detail
recently (Muller et al. 2016). LT was used for the first
time for SAT patterning analysis in the study presented
here. The site external oblique (EO) was also measured
but was not used in the SAT patterning analysis because
of the marking and measurement problems that occurred
at this site, particularly in obese persons.

Participants and observers

The study was approved by the ethics committee of
the Medical University of Graz (20-295 ex08/09). All
participants gave their written consent for anonymous
use of their data.

A wide range of SAT thicknesses were covered; par-
ticipants with BMI values between 18.6 and 40.3 kgm >
were investigated (12 women, 26 men) (Table 1).

The observers are certified International Society for
the Advancement of Kinanthropometry anthropometrists,
and both had attended a 2-d advanced-level training
course on ultrasound fat measurement by the Interna-
tional Association of Sciences in Medicine and Sports.
Both observers had previously measured more than 30
persons with this US method.

B-Mode ultrasound imaging of SAT

To avoid fat compression errors, the US probe was
placed above a given site without any pressure by using
a thick layer of US gel between the probe and the skin.
Typically, about 5 mm of US gel should be seen as a
dark band in the US image. Conventional US systems
were used. Observer I used a Phillips CX50 with the
L12-3 linear probe (Phillips, Phillips Healthcare Austria,
Europe, Vienna, Austria). Observer Il used a GE Logig-e,
with the linear probes 12 L-RS and 9 L-RS, operated at 6
to 13 MHz (General Electric, GE Healthcare Austria, Eu-
rope, Vienna, Austria). US measurements at the eight
sites were performed in accordance with the standardized
US measurement approach (Miiller et al. 2016).

Semi-automatic thickness measurement

Ultrasound images were evaluated interactively using
FAT software (FAT 3.2, Rotosport, Europe, Stattegg,
Austria), which is specifically designed for multiple semi-
automatic evaluations of SAT layer thicknesses. Sound
speed was set at 1450 m/s for distance determination in
SAT (Herman 2007). SAT segments were evaluated using
an automatic distance measurement algorithm (Miiller
et al. 2013a, 2013b, 2016). Depending on the selected
region of interest (ROI), typically 50 to 300 individual
thicknesses were automatically measured. Tissue
segmentation was controlled visually and could be
improved, if necessary, by changing the parameters that
influence automatic contour detection. The software also
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Fig. 1. B-Mode ultrasound measurement of uncompressed subcutaneous fat. (a) Sites for ultrasound measurement of sub-
cutaneous adipose tissue (SAT) patterning: upper abdomen (1, UA), lower abdomen (2, LA), erector spinae (3, ES), distal
triceps (4, DT), brachioradialis (5, BR), lateral thigh (6, LT), front thigh (7, FT) and medial calf (8, MC). Body height was
used as the reference length for all distances. A detailed description of the standardized marking and of the ultrasound
measurement technique can be found in Miiller et al. (2016). (b) Ultrasound images and evaluations of SAT thicknesses.
Participant A: male, body mass index = 25.5, body mass = 80.7 kg, stature = 1.78 m. (c) Survey plot of SAT patterning
according to (b). The columns represent the mean values of the semi-automatic multiple thickness measurements for the
eight ultrasound sites. The mean thickness value of the SAT thickness in a given ultrasound image (within the region of
interest) is termed dincr (gray) when fibrous structures are included and dgxcr (black) when fibrous structures are sub-
tracted. Sum of the eight thicknesses Dincr. = 44.3 mm (Dgxcr = 39.8 mm). (d) Survey plot of a participant B with
similar body mass index. Body mass index = 25.4 kgmfz; body mass = 75.5 kg, stature = 1.72 m. The SAT thickness
sum was 86.9 mm (77.9 mm), 96% higher than in participant A.

enables the operator to distinguish between SAT thicknesses
in which fibrous structures are included (dincr) or excluded
(dexcL), where d is the SAT thickness at a given site (the
average of the distances measured within the ROI). The
sums of the eight SAT thicknesses measured in a person
are termed DINCL and DEXCL-

Figure 1b exemplarily illustrates a series of US SAT
thickness measurements. The center lines in the US images
correspond to the center of the US probe, which was held
exactly above the site marking. The rectangular ROI was
usually set symmetrically to the center line. In cases in
which the thickness of the SAT layer changes when devi-
ating from the center of the site (e.g., at sites UA and at

LT in Fig 1b), a symmetric ROI is necessary to attain
high accuracy and reliability. The circles (or ellipses) in
the US images indicate the starting zones between skin
and muscle fascia where the algorithm searches for the
edges (contours) of SAT and measures multiple thicknesses
automatically. Finally, a visual control makes sure that the
algorithm detected the SAT layer correctly; otherwise, a
smaller ROI or a different discrimination parameter for de-
tecting the upper and lower borders of SAT can be chosen.

Study protocol
Group 1 (G1, N = 19) consisted of participants who
were in the normal BMI range (18.5-25 kgm_z) (WHO
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Fig. 1. (continued).

Expert Committee 1995); they were examined by
observer 1. Group 2 (G2, N = 19, observer II) included
the categories overweight (pre-obese 25-30 kgm 2,
N = 13), obese class I (30-35 kgmfz, N = 4), obese class
I (35-40 kgmfz, N = 1) and obese class III
(>40 kgm_z, N = 1). The BMI in G2 ranged from
25.4 t0 40.3 kgm % Three measurement series were per-
formed in each participant on 2 separate days within a
week. On day 1, the anthropometric and US SAT thick-
ness measurements were conducted (measurement series
M1). On the second measurement day, marking was done
again before performing M2, and after application of a
new layer of gel, the third series M3 followed immedi-
ately (using the previous marking of M2).

Statistics

SPSS Statistics Version 22 software (IBM, Armonk,
NY, USA) was used. Values of the participants are given
as the mean * standard deviation. Shapiro—Wilk tests re-

vealed that not all distributions were normal. Spearman’s
rank correlation coefficient (p) was used for data in
Table 2 and Figure 2. The standard error of estimate
(SEE) was used for data in Figure 2. Boxplots were used
to sketch the distributions of measurement differences.

Table 1. Characteristics of the participants

Gl G2 Gl + G2
Mean SD  Mean SD Mean SD

N 19 19 38
Age (y) 32.5 83 474 156 399 14.5
Height (m) 1.75  0.08 1.73  0.08 1.74  0.08
Sitting height s (m) 093  0.04 091 0.04 092 0.04
Mass, m (kg) 68.7 104  88.3 149 785 16.2
Body mass 22.2 1.9 294 42 258 49

index, BMI

(kgm )
Mass index, 22.3 2.1 29.5 40 259 4.8

MI; (kgm ?)

SD = standard deviation.
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Table 2. Intra-observer correlations™
Correlation of measurements for leCLT Correlation of measurements for dEXCLT
p < 0.01 (Spearman’s rho) p < 0.01 (Spearman’s rho)
US site PMIM2 PMIM3 PM2.M3 PMIM2 PMIM3 PM2.M3
UA 0.995 0.994 0.996 0.997 0.997 0.999
LA 0.997 0.996 0.999 0.997 0.996 0.995
ES 0.968 0.971 0.994 0.980 0.973 0.982
DT 0.940 0.930 0.956 0.973 0.939 0.970
BR 0.975 0.975 0.993 0.985 0.988 0.985
LT 0.991 0.988 0.995 0.995 0.991 0.995
FT 0.994 0.989 0.998 0.988 0.987 0.990
MC 0.982 0.982 0.989 0.970 0.965 0.989
Mean 0.980 0.978 0.990 0.986 0.980 0.988

UA = upper abdomen; LA = lower abdomen; ES = erector spinae; DT = distal triceps; BR = brachioradialis; LT = lateral thigh; FT = front thigh;

MC = medial calf.

* Spearman’s rank correlation coefficients (p) were calculated (p < 0.01) for each individual site.

f Correlations with fibrous structures included. The highest correlations were found at the site lower abdomen (LA), and the lowest at the site distal
triceps (DT). All correlations found for the measurements M2 and M3 were higher than the others.

¥ Correlations with fibrous structures excluded: The highest correlations were found at the UA, and the lowest at the sites DT and MC. In most cases,

highest correlations were between the measurements M2 and M3.

RESULTS

US images and semi-automatic evaluations of SAT
thicknesses at eight standardized sites

At all eight standardized US sites, the upper black
layer in the image corresponds to the thick layer of gel be-
tween the probe and the skin. Below the gel, epidermis and
dermis form a light band. The SAT layer is imaged as a
dark band between the lower contour of the skin and the
upper contour of the fascia of the muscle that is situated
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below the SAT. The US probe is always oriented in a lon-
gitudinal direction to the muscle. Fibrous structures (light
bands) may be embedded in the SAT layer. All SAT images
at the eight standardized sites are of the same structure.
The series of evaluated images in Figure 1b (colored areas
represent SAT cross-sectional areas within the chosen re-
gion of interest) corresponds to the survey plot represent-
ing SAT patterning (Fig. 1c). Gray columns represent the
thicknesses from the eight sites with the embedded fibrous
structures included (dinct), and black columns represent
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Fig. 2. Sums of subcutaneous adipose tissue (SAT thicknesses) from eight sites measured three times (measurements M1,

M2, and M3) in 38 participants. The sums D of each measurement series at the eight sites (in a given participant) are

displayed over the mean value of all three measurements. (a) Embedded fibrous structures included (Dyncy). Spearman’s

rank correlation coefficient (p) was used to determine the correlation. p = 0.999 (p < 0.01), standard error of the

estimate = 1.1 mm. (b) Embedded fibrous structures excluded (Dgxcr). p = 0.997 (p < 0.01), standard error of the
estimate = 1.5 mm.
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thicknesses when embedded structures are subtracted
(dexcr)- The SAT thickness sum Dyncr., in this participant
(BMI = 25.5 kgm ™ ?) was 44.3 mm. For comparison, a
pattern obtained from another participant with almost the
same BMI (25.4 kgmfz) is provided in Figure 1d; DineL
was 86.9 mm in the latter case. This example indicates
that the BMI cannot be used as a measure of body fat:
The SAT sums differ by almost a factor of 2 (96%
difference).

Intra-observer study

Figure 2a illustrates the three sums of Diycy ob-
tained from the eight sites for the three measurements
(M1, M2 and M3). Values are plotted over the mean
value of the three measurement sums (in a given
participant). Figure 2b illustrates the results for
Dgxcr (without fibrous structures). Statistical charac-
teristics for Diner are p = 0.999 (p < 0.01) and
SEE = 1.1 mm, and for Dgxci, p = 0.997
(p < 0.01) and SEE = 1.5 mm. Several additional
borders have to be determined to measure the addi-
tional thicknesses of embedded structures for Dgxcr,
whereas for Dincr, deviations were slightly smaller
because only one upper border and one lower border
must be determined by the algorithm.

The corresponding correlations between the individ-
ual sites of the single measurements are summarized in
Table 2. Spearman’s rank correlation coefficient (p) was
calculated. Including fibrous structures, the highest corre-
lation exists for the site LA. With fibrous structures

AM1OM20O M3

PARTICIPANTS

0 10 20 30 40
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excluded, UA had the highest correlation. M2 and M3
had the strongest correlations (measurements M2 and
M3 were done without re-marking the site).

The SAT thickness sums Dincr mean ranged from
12.46 to 77.41 mm in G1 and from 44.34 to 244.87 mm
in G2. In both groups (most participants physically un-
trained), the thickness sums DincLmean for women
(N = 12) ranged from 52.51 to 244.87 mm (mean:
117.3 mm), and those for men (N = 26) ranged from
12.46 to 167.88 mm (mean: 72.8 mm).

Figure 3a and b illustrate the deviations of the
observers’ individual measurement sums (A) from their
means for each participant. Ninety-five percent of devia-
tions were within the interval —2.2 mm to 1.9 mm with
fibrous structures included and within —3.24 mm to
3.18 mm with fibrous structures excluded.

Boxplots in Figure 4a and b visualize the absolute values
of measurement deviations from their mean. The two ob-
servers measured the sums of eight sites three times in their
respective groups (G1 and G2, respectively), each with 19
participants (resulting in 2 X 19 X 3 = 114 comparisons
of SAT thickness sums). The deviations in the individual
groups and in both groups combined are displayed. In Gl1,
the median of the absolute deviations ABS(Ampcr) was
0.43 mm, and the median of ABS(Agxcr) was 0.41 mm,;
the interquartile ranges were 0.70 and 0.45 mm, respectively.
The highest deviations of the single measurement sums of
thicknesses were ABS(ANCL max) 1.63 mm and
ABS(AgxcLmax) = 2.13 mm; 95% of data were below
144 mm (1.57 mm). In G2, the medians were in both

A
AM1 &S M20O M3
-8.0 \ \ \

0 10 20 30 40
PARTICIPANTS

Fig. 3. Differences from the mean of the three measurements (M1, M2 and M3). Three measurement deviations of the
sums from the eight sites in each of the 38 participants (both groups combined) are plotted (N = 114). (a)
Aner. = Diner—Diner mean is shown for all 38 participants. The 19 participants of each group are ordered according
to increasing values of Dincr mean- Ninety-five percent of deviations were within the interval —2.2 to 1.9 mm. (b)
Agxcr, = DexcL—DexcrLmean is shown for all 38 participants. The 19 participants of each group are ordered according
to increasing values of Dincr mean- Ninety-five percent of deviations were within the interval —3.24 to 3.18 mm.
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Fig. 4. Observer differences in their individual D values from their means (Dyseqn)- Differences of the three sums from the

eight sites in each of the 38 participants (G1: N = 57, G2: N = 57, G1 + G2: N = 114). (a) Absolute differences:

ABS(Ancr) = ABS(Diner—Dincnmean) and () corresponding relative deviations in percent of Dincr mean:

AmncrLrer = 100- ABS(Aner)/Diner mean- (b) Absolute differences: ABS(Agxcr) = ABS(Dexcr—Dexcrmean) and (d)

corresponding relative deviations in percent of Dexcr. meEan: AgxcLrel = 100- ABS(Agxcr)/Dexcr mean- Circles represent
outliers, and stars represent extreme values.

cases 0.89 mm. The highest deviations were
ABS(ANCL max) = 4.16 mm and
ABS(AgxcLmax) = 6.05 mm; the interquartile ranges were
1.06 and 1.48 mm, respectively; 95% of data were below
2.86 mm (3.78 mm). ABS(Ancr) For G1 and G2 together,

median = 0.61 mm and interquartile range = 0.91 mm,
and 95% were below 221 mm. For ABS(Agxcr),
median = 0.59 mm and interquartile range = 1.18 mm,
and 95% were below 3.24 mm. Deviations in the normal-
weight group G1 were lower than those in G2.
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Figure 4c and d represent the distribution of relative
errors Ay = 100 A/Dygan (in percent). For G1, the me-
dians for Amcpr and Agxcrps were both 1.1%.
Maximum values were 6.4% and 5.8%. Ninety-five
percent were below 3.83% and 3.42%, respectively. For
G2, the median of Acr e Was 0.5%, the maximum
was 2.8% and 95% of the values were below 2.16%.
For Agxcr rel, the median was 0.9%, the maximum was
4.4% and 95% were below 3.03%. Deviations in G2
were lower than those in the normal-weight group G1.

For both groups together for AincpLre (and
AgxcLre1), median = 0.75% (1.0%), and 95% of the
data were below 2.78% (3.42%).

In Figure 5a and b, the absolute values of deviations
of the three measurements at each of the eight sites are
illustrated. The deviation ¢ is the measurement deviation
of each measurement (M1, M2, M3) from the mean of the
three measurements at a given site in a given subject. The
number of deviations ABS(0) in the boxplots was 114 (38
participants, three measurements). ABS(dincr) refers to
SAT thickness values with the fibrous structures included,
and ABS(0gxcr) refers to SAT thickness values without
fibrous structures. Table 3 summarizes the statistical
characteristics of the boxplots in Figure 5. For both
groups combined, median values of ABS(d;nc) ranged
from 0.13 to 0.26 mm; for G1, from 0.07 to 0.18 mm;
and for G2, from 0.18 to 0.42 mm. Interquartile ranges
and maximum deviations can also be found in Table 3.

®ABS (Sncl)

[mm]

5

n *

3

2_*: * *

IR 8 *

==

L R = 9 E ;g
e dbindl

. i 04

T I T I I I T I
UA LA ES DT BR LT FT MC

Volume 43, Number 2, 2017

Figure 6a illustrates median SAT thicknesses and
Figure 6b depicts measurement deviations relative to
the median SAT thicknesses (0,1). Although the deviation
values ABS(6) increased with increasing d, the relative
values were lower at those sites where SAT thickness
d was higher. The median SAT thickness at the new site
LT (which replaces the previously used external oblique
site) was between the values for UA and LA (Fig. 0a,
gray column). The relative measurement deviations
OInCL rel Were below 2%; this is comparable to the values
obtained at UA and LA. At all other sites, dincr el Was
higher (Fig. 6b).

A comparison of BMI and Dncr. is illustrated in
Figure 7. There was no correlation in group G1; in G2,
there was a moderate correlation of p = 0.58
(p < 0.01), and for both groups together (N = 38),
p = 0.727 (p < 0.01). The highest Dy in this group
(245 mm, at a BMI of 37.2) was 46% above Dincy. of
the person with the highest BMI of 40.3
(DINCL = 168 mm)

DISCUSSION

All SAT images at the eight sites (Fig. 1a) reveal the
same structure: skin, SAT, muscle fascia and muscle. To
attain the highest accuracy and reliability possible with
this US method, it is necessary to mark the eight standard-
ized sites and to apply the US image capturing and
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Fig. 5. Measurement differences (absolute values) at the individual eight sites. Absolute differences ABS(6) from both
groups together were used. Number of comparisons at each of the eight sites: N = 114 (38 participants, three measure-
ments each). Characteristic values are listed in Table 3. (a) ABS(dncr) for each of the eight sites. (b) ABS(0gxcr) for each
of the eight sites. UA = upper abdomen; LA = lower abdomen; ES = erector spinae; DT = distal triceps; BR brachior-
adialis; LT = lateral thigh; FT = front thigh; MC = medial calf. Circles represent outliers, and stars represent extreme

values.
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Table 3. Absolute thickness value differences from the mean of the three measurements for each of the eight sites™

Measurements UA LA ES DT BR LT FT MC

ABS(0inep): Gl + G2, N = 3 X 38 = 114 at each site

Median (mm) 0.21 0.26 0.21 0.18 0.13 0.24 0.13 0.15

Interquartile range (mm) 0.37 0.34 0.35 0.30 0.20 0.49 0.18 0.26

Maximum (mm) 1.9 4.2 1.7 1.9 1.1 2.6 0.9 1.8
ABS(0gxcL): GI + G2

Median (mm) 0.23 0.35 0.22 0.14 0.11 0.28 0.20 0.15

Interquartile range (mm) 0.42 0.41 0.30 0.27 0.20 0.38 0.30 0.27

Maximum (mm) 2.6 4.6 1.1 1.5 1.1 2 1 2.4
ABS((;]NCL)Z Gl, N =57

Median (mm) 0.13 0.18 0.11 0.09 0.07 0.16 0.11 0.08

Interquartile range (mm) 0.17 0.21 0.20 0.16 0.13 0.29 0.14 0.15

Maximum (mm) 0.6 0.68 1.4 0.6 0.6 0.85 0.6 0.36
ABS(0gxcL): Gl

Median (mm) 0.15 0.28 0.14 0.08 0.06 0.26 0.15 0.11

Interquartile range (mm) 0.17 0.28 0.2 0.2 0.11 0.32 0.24 0.18

Maximum (mm) 0.7 0.9 0.87 0.6 0.4 0.86 1 0.57
ABS(dincL): G2, N = 57

Median (mm) 0.42 0.42 0.32 0.31 0.18 0.37 0.18 0.24

Interquartile range (mm) 0.49 0.50 0.50 0.37 0.30 0.72 0.22 0.31

Maximum (mm) 1.9 4.2 1.7 1.9 1.1 2.6 0.9 1.8
ABS(0gxcL): G2

Median (mm) 0.43 0.52 0.30 0.27 0.17 0.35 0.27 0.29

Interquartile range (mm) 0.53 0.63 0.42 0.41 0.29 0.57 0.30 0.37

Maximum (mm) 2.6 4.6 1.1 1.5 1.1 2 0.9 2.4

UA = upper abdomen; LA = lower abdomen; ES = erector spinae; DT = distal triceps; BR = brachioradialis; LT = lateral thigh; FT = front thigh;

MC = medial calf.

* Characteristic values of box plots in Figure 5a and b. Deviations of thickness measurements at individual sites with both fibrous structures included

and excluded.

evaluation technique as described in the standardization
publication by Miiller et al. (2016). Fibrous structures
embedded in the SAT can also be quantified because these
structures are clearly visible in the US image and can
therefore be easily detected by the contour detection
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and evaluation algorithm. Embedded structures were
found in many images. The SAT contour detection has
to be “semi-automatic” (a visual control and interactive
evaluation parameter setting cannot be replaced by a fully
automatic algorithm); otherwise border detection errors
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Fig. 6. Subcutaneous adipose tissue (SAT) patterning in the groups and relative measurement deviations at the individual

sites: White columns correspond to group G1 (N = 57), black columns to G2 (N = 57) and gray columns to G1 and G2

combined (N = 114). (a) Median SAT thicknesses. (b) Measurement deviations relative to the median SAT thicknesses d:

6INCL,rel = 100'ABS(5INCL,MEDIAN)/dINCL,MEDIAN9 where ABS(élNCL,MEDIAN) = absolute values of deviations used to

determine the median. UA = upper abdomen; LA = lower abdomen; ES = erector spinae; DT = distal triceps;
BR = brachioradialis; LT = lateral thigh; FT = front thigh; MC = medial calf.
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Fig. 7. Comparison of body mass index (BMI) and Dincp in
groups 1 (G1) and 2 (G2).

would occur because of intermediate structures—for
example, Camper’s fascia in the abdominal region
(Miiller et al. 2013a, 2013b, 2016) or embedded fibrous
structures as illustrated in Figure 1b at LT and FT.

Figure 1b exemplarily illustrates the series of eval-
uated images of participant A, and Figure lc, the corre-
sponding SAT patterning. Although participant A had
almost the same BMI as participant B, the sums of
SAT thicknesses differ by almost 100% (Fig. 1d), indi-
cating that valid measures of fat cannot be replaced by
simple anthropometric indices such as the BMI
(Ackland et al. 2012). This is also evident when study-
ing Figure 7: In group Gl1, there was no correlation be-
tween BMI and the SAT thickness sum D at all, and also
the correlation in G2 where p was only 0.58 makes clear
that individual assessments of body fat cannot be
derived from the BMI.

Measurement accuracy of B-mode US in thick SAT
layers

In conventional US systems, the speed of sound used
to calculate distances is 1540 m/s (“mean value for soft
tissue”). Here, a sound speed of 1450 m/s was set for anal-
ysis of SAT in the evaluation software to avoid a sound
speed error of about 6% (Herman 2007; Miiller et al.
2016). The axial resolution in a US image depends on
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pulse length, and the lateral resolution is determined by
diffraction. Technically obtainable accuracy of thickness
measurements equals approximately the wavelength
(wavelength determines diffraction of US waves and,
thus, the limits of image resolution). A probe frequency
of 18 MHz results in an image resolution of about
0.1 mm, and 6 MHz results in approximately 0.3 mm.
SAT borders are furrowed; therefore, biologically given
limitations determine the obtainable accuracy. The
influence of these biological limitations is minimized
because the image evaluation algorithm used takes mean
values of many thickness measurements in a given image.

In the overweight and obesity groups, low fre-
quencies were necessary to penetrate the thick layers.
In these groups, SAT thicknesses can be many centime-
ters, and in such cases the relative errors o, (= 6/d, in
%) are of relevance rather than the absolute errors § (in
mm). For instance, at a 60-mm-thick SAT layer, the rela-
tive error (at 6 MHz) caused by border detection inaccu-
racy is approximately 0.3/60, that is, 0.5%. Such small
border detection errors can be neglected compared with
deviations because of wrong sound speed setting. A devi-
ation of only 15 m/s (1%) would already affect a thick-
ness measurement error of 1%. The absolute accuracy
for in vivo measurements of thin fat layers using 12—
18 MHz cannot be overcome by any other measurement
technique. In thick layers, the correct choice of sound
speed (1450 m/s) predominantly determines the accuracy.
SAT is very sensitive to compression (Miller et al.
2013a), and errors caused by compression were mini-
mized by using a thick layer of gel between the probe
and the skin (Muller et al. 2013a, 2016).

Reliability of US SAT thickness measurements

Even breathing influences the SAT thickness. US
images were therefore captured when the participant
stopped breathing at midtidal expiration. Because of
viscoelasticity, it is paramount to mark the sites and cap-
ture the images in the standardized positions (Miiller et al.
2016). These authors had applied the standardized
approach to analyze inter-observer reliability in a group
of lean athletes (BMIs of 18.6-26.6 kgm72 and DincL
of 10.2-51.2 mm); the median measurement deviation
had been 0.24 mm, and the relative deviation had been
1.0%; this is close to the value of 1.1% found here in
the intra-observer study for the lean group G1 (where
Dincr ranged from 12.5-77.4 mm).

In the study described here, the reliability analysis was
extended to a group of participants with BMI values up to
40.3 kgm72 (Dincr range, 12.5-2449 mm). Intra-
observer reliability of the measurements of two observers
who investigated a subgroup of lean participants (Gl1,
observer I) and a subgroup of overweight or obese people
(G2, observer II) was analyzed. Absolute deviations (in
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mm) between sums of thicknesses at the eight sites
increased with thicker SAT layers (Figs. 3 and 4a, b);
however, relative deviations were smaller in the
overweight/obese group (median of
ABS(AincLre)) = 0.5%) compared with the lean group
(median ABS(Arncrre) = 1.1%) (Fig. 4c, d). This is not
surprising when relative deviations are determined
(A = 100-(A/Dypean)) because tissue border detection
errors play a larger role in lean persons in whom the sum
of fat thicknesses D is small.

According to the standardized protocol (Miiller et al.
2016), we used the new measurement site LT instead of
the previously used EO. In some persons with thick fat
layers in the abdominal region, it was difficult, and in
some cases impossible, to mark the site EO because of
skin and fat folds. LT provides interesting information
on fat patterning. There was a significant difference
(p < 0.01) between men (N = 26) and women
(N = 12). In men, the average contribution of the thick-
ness at LT (dincr Lr) to the sum of the eight sites (Dincr)
was 15.1% (min 3.2%, max 25.7%); in women, it was
25.5% (min 17.9%, max 35.1%). This difference of about
70% between men and women indicates that LT repre-
sents an interesting fat depot area for comparative studies
of SAT patterning in women and men.

A comparison of the measurement deviations
(ABS(9)) at the eight individual sites (Fig. 5a, b;
Table 3) reveals that highest absolute deviations occurred
at UA, LA and LT, where average SAT thicknesses were
highest (Fig. 6a). This is to be expected: the plasticity,
viscoelasticity and compressibility of subcutaneous adi-
pose tissue cause the largest deviations from measure-
ment to measurement at sites where SAT layers are
thick. In the abdominal region, additional compression
artifacts can occur because of breathing (the pressure sta-
tus of the lungs when breathing is stopped at “midtidal”
expiration can slightly differ from measurement to mea-
surement). Fat thickness differences in the abdomen
caused by the pressure change associated with the heart-
beat can sometimes also be observed, but these effects are
usually of minor importance.

The thickness of the SAT layer at LT may change
when the leg is not positioned in the same way. At FT,
measurement deviations were small (Fig. 5a). SAT
compressibility is lowest at FT compared with the other
US sites (Miiller et al. 2013a). In the US image, quite
often thick intermediate fasciae can be seen at FT, which
may be the reason why skinfold measurement is difficult
at this site.

The deviations when measurements were repeated
(caused mainly by marking deviations, body position dif-
ferences and intra-abdominal pressure changes)
increased at all eight sites with increasing SAT thickness
(Table 3). To obtain high reproducibility, it is very impor-

tant to position the person before the US measurement
takes place precisely in accordance with the standardized
US measurement technique (Miiller et al. 2016).

Figure 6a illustrates the median values of SAT thick-
nesses at the individual sites. The ratio of the median
deviation at a given site to the median thickness at this
site is illustrated in Figure 6b. The relative errors (in %)
were smallest at UA, LA and LT, where the average
SAT thicknesses were largest (Table 3). Lowest absolute
values (in mm) of measurement deviations occurred at
erector spinae, distal triceps, brachioradialis, FT and
medial calf where SAT depth was low.

In addition to investigating body composition prob-
lems in underweight persons and athletes (Byrne and
McLean 2001; Nattiv et al. 2007; Sundgot-Borgen et al.
2013), results obtained here encourage to use this stan-
dardized US technique also for studies in groups of over-
weight and obese persons when highly accurate and
reliable measurements of SAT are desired.

Limitations of the study and future perspectives

As this is a new measurement technique, it will take
some time until extensive sets of reference data for low-
weight, normal-weight, overweight and obese persons
will be available. Validation studies against a four-
component model (Ackland et al. 2012) will reveal which
US sites will enable the best prediction of total body fat in
particular groups of persons. Ethnicity, anthropometric
parameters, sex and age are assumed to play a role in ob-
taining equations that fit optimally to the four-component
model reference data. Such a validation study is in prog-
ress. The core aim of this study was to analyze reliability
of the method; groups and numbers of participants were
chosen for this purpose. A systematic comparative study
of SAT patterning in various groups necessitates much
larger and randomly chosen groups of participants.
Comparative results described here are therefore only ex-
amples indicating the potential of the method for fat
patterning studies.

CONCLUSIONS

The standardized US measurement approach can be
applied to all persons ranging from extremely lean to
obese. Relative errors of US measurements groups with
thick fat layers were even lower compared with groups
with thin fat layers.

The eight sites represent trunk, arms and legs and
accommodate inter-individual differences in SAT
patterning. Also in obese persons, site marking is easy
because distances are percentages of body height and
only two anatomic landmarks are necessary (Miiller
et al. 2016). The site LT, where differences between
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women and men were most distinct, was used here for the
first time.

All eight sites overlie a muscle with a clearly visible
fascia; this eases the acquisition of US images. In obese
persons, a lower US frequency (e.g. 6 MHz) is necessary
to detect the lower border (muscle fascia) of the subcu-
taneous fat.

Body composition disturbances, rapid weight
changes, overweight, obesity and underweight are rea-
sons for a wide range of severe medical problems. The
US method enables cross-sectional and longitudinal
studies, as well as individual fat patterning measurements
on a scale much finer than available before in all persons
ranging from extremely lean to obese. Although this US
method is the laboratory reference for in vivo thickness
measurements of uncompressed SAT (the US measure-
ment accuracy has reached the biologically given limita-
tions, and reliability has been maximized by
standardizing the technique), it can also be applied as a
field method because excellent US systems as small as
notebooks are available today. Prices of US systems
have rapidly decreased over the last years. It can be
expected that this method will spread out into many fields
of medicine in the near future.

Guided training is recommended to reach the accu-
racy and reliability levels that are attainable with this
US method when applied in standardized manner
(Miller et al. 2016).
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Appendix

ABBREVIATIONS:

SAT Subcutaneous adipose tissue

US Ultrasound

ROI Region of interest

Gl1, G2 Groupl (lean), Group2 (overweight/obese)

M1, M2, M3 Measurement series

Parameters and variables:

m

h

BMI

MI,;

8rel

Are]

EXCL

INCL

Body mass, in kg

Stature, in m

Sitting height, in m

Body mass index: BMI=m/h?, in kgm™

Mass index: MI11=0.53-m/(hs), in kgm'2

SAT thickness at a given site, in mm (this is the average of the distances
measured within the region of interest)

Sum of SAT-thicknesses at all eight sites in a given participant, in mm
measurement deviation of each measurement (M1, M2, M3) from the mean of
the three measurements at a given site in a given subject, in mm

Orei= 100-6/dmEDIAN, 1In [%]

Deviation of the sum of eight sites from the mean of the sums of the three
measurements in a given participant, in mm

Arer= 100-A/DwMEAaN, in [%]

Excluded; indicates that the fibrous structures embedded in the SAT

are not included in the thickness value.

Included; indicates that the fibrous structures are included



Statistics:

N Number of values

ABS Absolute value of a number
MEAN Mean value

SD Standard deviation

SEE Standard error of estimate
p Spearman's rank correlation coefficient (Spearman's rho)
US Sites:

UA Upper abdomen

LA Lower abdomen

ES Erector spinae

DT Distal triceps

BR Brachioradialis

LT Lateral thigh

FT Front thigh

MC Medial calf

EO External oblique (optional)
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